The Wilms' tumour gene 1 protein (WT1) is a zinc finger transcription factor found indispensable for foetal development. WT1 has also been implicated in the development of tumours in several organ systems, including acute myeloid leukaemia (AML). 
| THE WILMS' TUMOUR GENE PROTEIN (WT1) STRUCTURE AND ITS ALTERNATIVE SPLICE ISOFORMS
The Wilms' tumour gene 1, WT1, was first identified as encoding a zinc finger transcription factor involved in the formation of the paediatric kidney Wilms' tumour.
1,2 Consistent with its role as a transcription factor, a repression domain was found to be located within residues , and an activation domain between amino acid residues 180 and 294, both in the aminoterminal half of the protein. The 2 domains can function independently. 3, 4 A capacity for homologous dimerisation is also mediated by the aminoterminal.
5
WT1 contacts DNA through its 4 carboxyl-terminal Cys 2 His 2 zinc fingers ( Figure 1A ). The zinc fingers are formed by one β-sheet and one α-helix, stabilised by a central zinc ion contacted by 2 cysteines from the β-sheet and 2 histidines from the α-helix. The binding is antiparallel to the strand with which the proteins make most of the contacts, meaning that zinc finger one binds the 3′ part of the DNA recognition sequence and zinc finger 4 the 5′ part.
initiated at a second in-frame AUG translation start site, 14 as well as transcripts which have been RNA edited on nucleotide 264 in exon 6 changing one amino acid from leucine to proline. 15 Although some functional studies have been made, the importance of these minor splice variants remains largely unknown.
| FUNCTIONAL IMPORTANCE OF THE ±KTS ISOFORMS
Germline mutations in the KTS splice site of WT1, predicting loss of the +KTS isoform from one allele, causes Frasier syndrome. The heterozygous mutations in the KTS splice site lead to a reversed ratio between the +KTS and −KTS isoforms, from 2:1 to 1:2. Frasier syndrome is characterised by male pseudo-hermaphroditism, progressive glomerulopathy, and severely affected gonadal development with an increased risk of gonadal malignancy, clearly demonstrating the importance of strict WT1 isoform balance for human foetal development. 16, 17 Two other syndromes with germline mutations in WT1 are Wilms' tumour/aniridia/genitourinary anomalies/mental retardation (WAGR) syndrome, caused by a heterozygous deletion encompassing the WT1 gene, 18 and Denys-Drash syndrome (DDS), caused by a heterozygous point mutation in one of the zinc fingers, believed to result in a WT1 protein with decreased DNA binding capacity. 19 Both WAGR and DDS cause genital malformations, as well as a severe deformity of the kidneys leading to glomerulosclerosis F I G U R E 1 A, Schematic picture of the WT1 protein with the zinc finger domain contacting DNA. The 2 major alternative splice events, ±17 amino acids (±17AA) in the amino terminal, and ±3 amino acids (±KTS) between zinc finger 3 and 4, are indicated. Also shown are dimerization, repression and activation domains. B, Selected minor isoform variants of WT1, as indicated (for details please see main text) with early renal failure and an increased risk of Wilms' tumour formation. Comparing the WT1 germline syndromes, the renal phenotype of Frasier syndrome is usually less severe than that of patients with DDS, with a later development of renal failure, and no increased incidence of Wilms' tumour. However, in XY-Frasier patients, gonadal development is more affected than in XY-DDS patients, suggesting that isoform imbalance in humans is particularly important for gonadal development. 17 A Wt1-null mouse model was described in 1993 by Kreidberg et al The mice died at day 13-15 in utero with oedema suggestive of heart failure. Heart, lungs and diaphragm were malformed, and the mice completely failed to develop a genitourinary system. Mice heterozygous for the gene deletion developed normally. 20 Further investigations into the Wt1-null mouse revealed that Wt1 is required to form the epicardium and coronary vessels. 21 Wt1 knockout in other mouse strains showed that some mice survived until birth (though the lungs failed to inflate which left the mice unviable at birth), indicating that other genes could influence the Wt1 null phenotype.
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From studies of the −KTS and the +KTS isoforms in mice, both some redundancy between the isoforms, and some functions exerted by just the one isoform are indicated. While complete Wt1 knockout mice showed almost total agenesis of spleen and adrenal glands, 22 these organs developed normally in mice that were engineered to express either only −KTS isoforms or only +KTS isoforms, 23 suggesting isoform redundancy in the development of spleen and adrenal glands.
The homozygous mice in both the −KTS knockout and the +KTS knockout models developed kidneys, but the kidneys were so severely malformed that the mice did not survive their first day. Gonads were also malformed, leaving just remnants of gonads in the −KTS knockout mice, and disorganised gonads and female development for XY +KTS knockout mice. 23 Carrying only one −KTS or +KTS knockout allele allowed for normal embryonic development and fertility, but most mice with decreased amount of +KTS protein died prematurely from renal insufficiency. The difference in development between the mice lacking all isoforms, and the ones lacking only −KTS or +KTS isoforms, demonstrates an overlap in function between the isoforms in murine adrenal gland and spleen development, but also clearly demonstrates that both isoforms are required for normal kidney and gonad formation. 9 A later investigation revealed that while the KTS insertion ratio was remarkably consistent across tissues, the 17AA insertion ratio varied more. The 17AA containing transcripts were more common in human hematopoietic tissues and adult kidney than in foetal kidney, adult ovary and uterus. 49 Normal bone marrow samples show a WT1 expression pattern resembling that found by Haber et al 9 in kidney samples, where the +17AA/+KTS isoform dominates, the −17AA/+KTS and the +17AA/− KTS isoforms are about equal, and the −17AA/−KTS isoform is expressed at the lowest levels. 50 In samples from both paediatric and adult AML patients, the +17AA/−KTS isoform ratio is slightly increased as compared to normal bone marrow, and in adult AML, this increase is associated with a higher risk of relapse. 50 The KTS splice ratio has been shown to be more stable across patient samples and across cell lines, than the 17AA splice ratio. Paediatric patient samples have a more variable, and in median values higher, KTS insertion rate than adult patients. 50 Another investigation showed that in chronic myeloid leukaemia (CML), the -17AA/+KTS isoform is more highly expressed than in
| WT1 AS AN ONCOGENE IN CANCER AND ACUTE MYELOID LEUKAEMIA
AMLs and the increase in that isoform preceded the increase in the other isoforms before CML patients relapsed. Here, too, high expression of the +17AA/−KTS isoform at the expense of the +KTS isoforms in AML patient cells was shown to be associated with aggressive and treatment resistant disease. 51 Luna et al also found that de novo AML patients with high expression of +17AA/+KTS trends towards better overall survival, while low expression of the +17AA/−KTS isoform increased disease free survival. In general, leukaemic cells of all patients in the study had a decrease in the +17AA/+KTS isoform and an increase in all the other isoforms as compared to the distribution found in cord blood CD34+ cells. 52 Gu et al 53 found that 17AA-containing isoforms are more prevalent in AML relapse samples than in samples from newly diagnosed AML patients.
In summary, the WT1 isoform pattern is consistent between investigated normal tissues. In AML patient cells, however, skewing of the isoform balance towards higher expression of +17AA/−KTS and lower expression of +17AA/+KTS correlated with a worse prognosis, suggesting distinct roles of the ±KTS isoforms in oncogenic mechanisms.
| INVESTIGATIONS OF THE FUNCTIONAL EFFECTS OF WT1 ISOFORMS IN LEUKAEMIC CELLS
Experiments on cell lines show different results for the 4 main isoforms of WT1. Early results from our group showed that constitutive expression of either of the −KTS or +KTS isoform in leukaemic U937 cells blocked response to differentiation induction by retinoic acid or vitamin D3. 54 When just one of the 4 isoforms was overexpressed in K562 cells, a+17AA/+KTS isoform overexpression, as compared to overexpression of the other isoforms, led to a slightly reduced proliferation rate and a better response to hemin-induced erythroid differentiation. 55 Ito et al 56 found that it was the 17AA- 
| IDENTIFICATION OF AMINO ACID RESIDUES OF ZINC FINGERS CRITICAL FOR DNA BINDING
The zinc finger region of the WT1 protein has structural similarities to the EGR1 (early growth response 1) protein. requiring a G at base 11 of the motif, whereas +KTS could accept either a C or a G. 63 These data therefore suggest that the KTS insertion may affect, not only the function of zinc finger 4, but also zinc finger 1.
How this effect is exerted remains to be shown. The +KTS isoforms showed decreased binding to both methylated and unmodified sequences as compared to −KTS isoforms. Of note, however, is that zinc finger 1 was not included in the constructs, possibly influencing the relative binding strength of the isoforms. 74 In conclusion, there are many DNA motifs identified as WT1 binding. Many, but not all, match the 5′-GNG NGG GNG-3′ pattern established through crystallisation studies. 41 The +KTS isoform is usually found to have a weaker binding to DNA than the −KTS isoform, but adding a 3′ motif for zinc finger 1 increases the binding strength. One motif, found by Wells et al, 73 binds WT1+KTS with superior strength.
| DNA BINDING MOTIFS BIND BOTH − KTS AND +KTS ISOFORMS
No motif has so far been identified as only binding the −KTS isoform, or only the +KTS isoform. Epigenetic modifications of cytosines change the WT1 protein's affinity to DNA recognition sequences.
| DIMERISATION OF WT1 ON PROMOTERS
In a study using a PDGFA (platelet-derived growth factor alpha chain) promoter reporter, Wang et al 65 
WKE motif ACC-AAG-CGG-GAT-GCG-GAG-CCG-CCG-CCG-CCG-CCG
The T A B L E 1 DNA binding motifs of WT1
proteins to exert suppression effects. In a study by Reddy et al, WT1
proteins were found to be able to interact through the N-terminal part. 75 Moffett et al 76 mapped the domain needed for dimerisation to the first 160 amino acids (Figure 1) 
| RNA AND SPLICE MACHINERY BINDING BY WT1
There are indications that the +KTS isoform, instead of being primarily a DNA binder, rather functions through RNA binding. WT1+KTS, both the +17AA and the −17AA isoforms, localise primarily in nuclear speckles, together with an RNA binding protein family called Sm 92 There is little consensus among investigators, however, as to which isoforms bind with higher affinity to RNA, some finding the KTS containing isoforms binding more strongly to RNA, 90 and others the −KTS isoforms, 91, 93, 94 whereas still others see RNA binding only by +KTS isoforms. 88 WT1+KTS has also been shown to control the translation of transcripts possessing a retained intron. 95 Retention of introns is the least common alternative splicing event in vertebrates, accounting for <3% of all alternative splicing. 96 Transcripts with retained introns are usually kept in the nucleus, but WT1 protein can bind to constitutive transport elements (CTEs) in both viral and endogenous mRNAs and promote their polyribosome association and translation. Actinin 4 (ACTN4) and sirtuin 7 (SIRT7) mRNA both have CTE elements that bind to WT1+KTS. The role of WT1 −KTS in this system is less clear. the DNA template for the RNA sequence recognised by WT1 to be overlapping with a DNA sequence to which WT1 could bind, whereas
Bardeesy and Pelletier found that the DNA equivalents of the RNA sequences they identified were not bound by WT1. 93 The zinc finger region has been found by all investigators to be sufficient for RNA binding, but when the whole protein was also tried, the N-terminal was seen to contribute to the binding strength. 78, 88 Using in silico 3D structural modelling, Kennedy et al 39 found that the N-terminal of the WT1 protein contained a potential RNA binding domain, as determined by the assumed pattern of protein folding. The functional significance of this domain, however, remains unproven.
| GLOBAL ANALYSIS OF WT1 BINDING TO THE GENOME
In recent years, the development of chromatin immunoprecipitation showed stronger expression, as compared to non-target genes, and interestingly, class II targets showed even higher expression. 101 Taken together, these investigations show that WT1 bind to DNA with high similarity to the canonical EGR1-like motif and that binding is concentrated around TSSs, but that also intra-and intergenic binding is important for the transcriptional control exerted by WT1. All investigations have used antibodies to WT1 for the ChIP, precluding the discrimination between isoforms.
| GLOBAL ANALYSIS OF DNA BINDING MOTIFS OF THE WT1 −KTS AND +KTS ISOFORMS IN LEUKAEMIC CELLS
We recently performed the first isoform-specific ChIP-Seq investigation of the WT1 protein, using streptavidin-coated magnetic beads to affinity capture biotinylated exogenous WT1+17AA/−KTS and +17AA/+KTS proteins from leukaemic K562 cell lysate. 102 Our first finding was that binding peaks of both isoforms contained motifs that matched 2 WT1 position weight matrices available in the TRANSFAC database. 103 However, motifs matching the matrices were much more prevalent in the −KTS peaks (78% and 44% for the shorter and the longer matrix, respectively) than in the +KTS peaks (21% and 17%, respectively). An unbiased motif search showed that the motifs that were enriched in the −KTS peaks to a large extent resembled previously published WT1-binding motifs, with matches for both Nakagama, 62 Wang, 65 
| DISTINCT BINDING SITES OF THE WT1 −KTS AND +KTS ISOFORMS
The DNA binding motifs for the 2 WT1 isoforms in our investiga- 
| ACTIVATION OR REPRESSION OF TARGET GENES
The aminoterminal of WT1 contains defined transcriptional activation, as well as repression, domains. 3, 4 The −KTS and the +KTS isoforms in our investigation 102 have a large overlap in target genes, although the binding sites are with very few exceptions separate. Both isoforms appear to have a predominantly activating influence, judging by the fact that highly expressed genes are enriched among the WT1 target genes, both for the −KTS and the +KTS isoforms. Also, the H3K4me3 histone mark, a well-established marker for actively transcribed genes, is more frequently present around the transcription start site of the target genes than it is around the TSS of non-target genes. However, the −KTS peaks have a greater enrichment of the H3K4me3 mark than the +KTS peaks, as well as a more distinct overrepresentation of highly expressed genes among the target genes, suggesting that the −KTS isoform may more often mediate transcriptional activation, as compared to the +KTS isoform.
102
Dong et al 100 found that in the overlap between their ChIP-Seq dataset, and a microarray expression assay after knockdown of WT1, WT1 seemed predominantly but not exclusively an activator, while
Kann et al 101 found that in RNA-seq data, the target genes of WT1
were more highly expressed than non-bound genes, a correlation which was more pronounced for genes that had peaks both around the TSS and in other regulatory areas. Motamedi et al 99 also found that genes, whose expression was significantly different in metanephric rudiments in WT1 knockout mice embryos as compared to WT1-expressing embryos, predominantly reduced their expression in knockout cells, indicating WT1 as more often an activator in this system also.
Taken together, available data suggest that WT1, and in particular −KTS isoforms, predominantly mediate transcriptional activation.
However, the ability of WT1 to regulate transcription of target genes is, besides differences in isoform expression, also dependent on cellular environment with different expression of cofactors. [104] [105] [106] [108] [109] [110] [111] As demonstrated in the case of PAR4, it can bind to the zinc fingers of WT1, thus inhibiting transcriptional activation, 105 but also to the aminoterminal of WT1, mediating transcriptional activation by WT1. 108 Thus, it is possible that a specific target gene may be either positively or negatively regulated by WT1, depending on cellular context.
| TARGET GENES OF THE WT1 ISOFORMS
Apart from the highly significant subgroup of target genes that were shared between the WT1 −KTS and +KTS isoforms (though with the binding sites quite separate), we also saw that when all target genes of the isoforms were analysed, using a Gene Ontology slim mapper tool, the GO categories the analysis yielded were surprisingly similar for the 2 isoforms. 102 The similarity suggested that the 2 isoforms were involved in the same processes, in accordance with the observations made in the mice WT1 knockout studies detailed above.
The Gene Ontology groups of the WT1 target genes described many of WT1's known functions, among these several categories consistent with WT1's importance to embryonic development, such as the anatomical structure development gene group. Target gene groups for cytoskeleton, locomotion, cell adhesion and cell differentiation bring to mind the well-described function of WT1 in the transitions between mesenchymal and epithelial states that are necessary for embryonic development. 112 Several of the gene categories were also con- 
| CONCLUSIONS
The WT1 gene is indispensable for embryonic organ formation, and increasing evidence points to WT1 also being important in tumorigenesis, both in solid tumours and in leukaemia's. WT1 isoforms containing or lacking an insert, KTS, between zinc finger 3 and 4 have different binding patterns to both DNA and RNA targets. In this review, we have described, with a view to isoform differences, the re- 
